A Novel Design Method of Irregular Pitch Cutters to Attain Simultaneous Suppression of Multi-Mode Regenerations  by Suzuki, Norikazu et al.
2212-8271© 2012 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Prof. Eiji Shamoto
doi: 10.1016/j.procir.2012.10.018 
 Procedia CIRP  4 ( 2012 )  98 – 102 
 
 
 
 3rd CIRP Conference on Process Machine Interactions (3rd PMI) 
A Novel Design Method of Irregular Pitch Cutters to Attain 
Simultaneous Suppression of Multi-Mode Regenerations 
Norikazu Suzukia,*, Takuya Kojimaa, Rei Hinoa, Eiji Shamotoa 
aNagoya Univeristy, Furo-cho, Chikusa-ku, Nagoya, Aichi 464-8603, Japan 
* Corresponding author. Tel.: +81-52-789-4491; fax: +81-52-789-3107.E-mail address: nsuzuki@mech.nagoya-u.ac.jp. 
Abstract 
It is known that regenerative effect, which causes self-excited chatter vibration, can be suppressed in many cases by utilizing 
irregular pitch tools. In order to suppress the regenerative effect sufficiently, a suitable combination of irregular pitch angles needs 
to be designed. Although the past researches proposed a basic idea to design irregular pitch angles for the regeneration suppression, 
they are only applicable to the suppression of single-mode regeneration. The present study proposes a novel design method of 
irregular pitch cutters, which ensures the simultaneous suppression of multi-mode regenerations. In order to quantify the 
regenerative effect, a new parameter called as the “Regeneration Factor” is proposed. The effect of pitch angles designed by the 
proposed method on chatter suppression is investigated analytically, and its validity is verified. 
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1. Introduction 
In order to achieve high efficiency, chatter 
suppression often becomes a limiting factor and a major 
concern in various cutting operations. It is known that 
the self-excited chatter vibration is mainly caused by 
interaction between dynamics of mechanical structures 
and the cutting process, i.e., machine-process-interaction 
[1]. An improvement of the mechanical structure 
dynamics and/or optimization of the cutting process 
carries significant importance on increasing the stability 
of the of the cutting process, i.e., the chatter stability. 
Past researches clarified that the regeneration effect in 
cutting process is one of the major mechanisms which 
triggers self-excited chatter vibration. As regeneration is 
directly related to the spindle speed, chatter avoidance 
can be achieved by use of appropriate spindle speed 
determined by the stability pockets [2]. On the other 
hand, chatter stability can be increased efficiently by 
utilizing irregular pitch cutters, where regenerative 
vibrations are canceled out by designing suitable pitch 
angles. The pitch angles depend on the dynamics of the 
mechanical structures, and a basic idea to design them 
for single-mode regeneration has been proposed and 
verified in both analysis and experiments [3-5]. However, 
more than two vibration modes with different natural 
frequencies are involved in chatter stability due to 
complicated dynamics of the mechanical structures. In 
this case, regenerations for all related modes need to be 
canceled out simultaneously to increase the chatter 
stability. In order to achieve simultaneous suppression of 
multi-mode regenerations, a novel irregular pitch design 
method is proposed in the present paper. At first, an idea 
to quantify the regeneration in milling process is 
proposed. Subsequently, two ideas to optimize irregular 
pitch angles are presented. Several analytical 
investigations are also conducted and proposed idea is 
verified analytically.  
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2. Quantification of regenerative effect 
2.1. Milling process by using irregular pitch tools 
Fig. 1 shows milling process with an irregular pitch 
tool with four flutes. When the mechanical structure 
vibrates, relative displacement between the tool and the 
workpiece oscillates. The uncut chip thickness oscillates 
not only by the present vibration but also by the past 
vibration left on the surface by the previous tooth. This 
past vibration is known as regeneration. The dynamic 
uncut chip thickness, i.e., difference between present and 
previous relative vibrations, causes a dynamic cutting 
force. The dynamic force excites the mechanical 
structures, and the present vibration is generated. 
Because of this closed-loop consisting of the process-
machine interaction, the system can be unstable and the 
vibration at a certain frequency can increase and diverge 
depending on several conditions. Stability of the process 
can be estimated by mathematical process modeling [6]. 
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Fig. 1. Schematic diagram of milling process with irregular pitch tool 
In milling process with irregular pitch cutters, the 
phase difference between the inner and outer 
modulations ߝ varies depending on the tooth passing 
period and the chatter frequency ௖݂ . The regenerative 
vibration ݑ௝ିଵ and the corresponding phase difference ߝ௝ 
are derived from present vibration ݑ௝ , the chatter 
frequency ௖݂ , spindle speed ݊ and pitch angle ߠ௝  of jth 
tooth as follows:  
൛ݑ௝ିଵൟ ൌ ݁௜ఌೕ൛ݑ௝ൟǡ ߝ௝ ൌ ଺଴௙೎௡ ߠ௝.   (1) 
When the regenerative vibration for each tooth 
cancels out each other, the dynamic force component 
due to regeneration becomes zero. And thus, the milling 
process stability could be increased if influence of the 
mode-coupling is negligible [7]. In the previous 
literature, it has been clarified that regeneration can 
completely be suppressed when the number of teeth is 
even and the difference of the pitch angles οߠ in each 
pair of teeth satisfies the following relationship:  
οߠ ൌ ʹɎ ቀ݉ ൅ ଵଶቁ
௡
଺଴௙೎,    (2) 
where ݉ is an integer number. 
Although chatter frequency cannot be identified 
without complete stability analysis or experimental 
detection, it can be roughly assumed that the chatter 
frequency coincides with the natural frequency of the 
most flexible mechanical structure. Thus, appropriate 
pitch angles can be estimated easily from Eq. (2) by 
practically assuming the chatter frequency. 
2.2. Regeneration factor  
The use of irregular pitch cutters with appropriate 
pitch angles allows suppression of the regeneration 
effect toward achieving chatter free milling. 
Nevertheless, design errors might deteriorate their 
efficient use and mislead to instability in some cases. For 
instance, if there are several flexible vibration modes 
with different frequencies, pitch angles designed to 
suppress vibrations originating one mode might be 
ineffective against the remaining modes. In fact, general 
tool-holder-spindle system of recent machine tools often 
shows complicated dynamics consisting of several 
vibration modes with different natural frequencies 
affecting the structure. Moreover, natural frequencies of 
the mechanical structures may vary during machining. 
The shift in the natural frequency attenuates the positive 
effect on the regeneration suppression. These issues 
often interfere with effective utilization of irregular pitch 
cutters. Thus, it is important to estimate the influence of 
pitch angles on regeneration suppression at the stage of 
pitch angle design. In order to attain the quantification of 
the regeneration suppression effect with respect to 
arbitrary vibration frequency, a novel index, called as the 
“Regeneration Factor (ܴܨ)”, is proposed in the present 
research by taking an average of complex phase vectors 
as follows: 
ܴܨ ൌ ଵேσ ݁௜ఌೕே௝ୀଵ .    (3) 
The pitch angle design that satisfies Eq. (2) 
makesȁܴܨȁ ൌ Ͳ, while ȁܴܨȁ becomes one in case of a 
regular pitch cutter. This index is essentially available to 
quantify the influence on regeneration suppression when 
there is multi-phase-delay mechanism as well, which 
facilitates its use not only in milling with irregular pitch 
tools but also with variable helix tools [8], or in variable 
spindle speed machining [9], or even in double side 
milling [10]. 
3. Design of the optimum pitch angle 
The pitch angle design based on Eq. (2) is not always 
available if there are more than two vibration modes. 
Meanwhile, general design method for suppressing 
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regenerations due to multi modes is presented in the 
following.  
3.1. Rigorous approach 
Assuming that there are two vibration modes with 
natural frequencies ௖݂
ሺଵሻ  and ௖݂
ሺଶሻ . The regenerations 
from these two modes can be suppressed by the irregular 
pitch tool with four flutes. ܴܨ is calculated as: 
ܴܨ ൌ ሺ݁௜ఌభ ൅ ݁௜ఌమ ൅ ݁௜ఌయ ൅ ݁௜ఌరሻ ͶΤ .  (4) 
In order to suppress the regeneration at ௖݂
ሺଵሻ , 
appropriate pitch angle difference at the spindle speed ݊ 
can be derived from Eq. (2). 
ߠଵ െ ߠଶ ൌ ߠଷ െ ߠସ ൌ οߠሺଵሻ ൌ ʹɎ ቀ݉ሺଵሻ ൅ ଵଶቁ
௡
଺଴௙೎ሺభሻ
 (5) 
In the same manner, appropriate pitch angle difference 
for ௖݂
ሺଶሻ  can be obtained by utilizing different 
combination of the teeth. 
ߠଵ െ ߠଷ ൌ ߠଶ െ ߠସ ൌ οߠሺଶሻ ൌ ʹɎ ቀ݉ሺଶሻ ൅ ଵଶቁ
௡
଺଴௙೎ሺమሻ
 (6) 
From the simultaneous equations of Eq. (5) and Eq. (6), 
a set of pitch angles for making ܴܨ  zero in ௖݂ሺଵሻ  and 
௖݂
ሺଶሻ can be obtained as: 
ߠ௝ ൌ గଶ ൅
ଵ
ଶ ൜ሺെͳሻ௝ିଵοߠሺଵሻ ൅ ሺെͳሻ
ቔೕషభమ ቕοߠሺଶሻൠ ǡ
ሺ݆ ൌ ͳǡʹǡ͵ǡͶሻ.    (7) 
The idea can be generalized in case of dynamics with 
݄  number of modes. The regenerations can be 
suppressed and ܴܨ can become zero at the same time by 
using the tools with ʹ௛ flutes. The optimum pitch angle 
difference and the corresponding pitch angles can be 
derived from the following relations: 
οߠሺ௞ሻ ൌ ʹɎ ቀ݉ሺ௞ሻ ൅ ଵଶቁ
௡
଺଴௙೎ሺೖሻ
ǡ ሺ݇ ൌ ͳǡʹǡ ǥ ǡ ݄ሻ (8) 
ߠ௝ ൌ గଶ೓షభ ൅
ଵ
ଶ σ ሺെͳሻඋሺ௝ିଵሻ ଶ
ೖషభΤ ඏοߠሺ௞ሻǡ௛௞ୀଵ    (9) 
ሺ݆ ൌ ͳǡʹǡ ǥ ǡ ʹ௛ െ ͳǡ ʹ௛ሻ   
Assuming that there are two vibration modes, which 
that are flexible in x-axis and stiff in y-axis and z-axis. 
Their natural frequencies are different and maximum 
compliances are same. Table 1 presents given natural 
frequencies and modal parameters of the mechanical 
structure. In order to suppress chatter vibration at the 
frequencies of 890 Hz and 1530 Hz, for example, at the 
spindle speed 2000 min-1, Eq. (9) gives pitch angles of 
ሼͺͶǤ͹ǡ ͺͺǤ͸ǡ ͻͳǤͶǡ ͻͷǤ͵ሽ deg. 
This rigorous approach allows calculation of the 
optimum pitch angles based on simple equations without 
computationally expensive stability solution. However, 
the number of teeth required to suppress multi frequency 
vibrations increases exponentially. Thus, the use of 
Eq.(9) may become impractical due to the large scale 
system. 
Table 1. Assumed resonant frequency and modal parameters of Gxx 
Mode Resonant frequency  Hz Mass  kg 
Damping  
Ns/m 
Spring  
N/m 
1 890 3.37E-1 27.7 1.06E+7 
2 1530 8.24E-2 23.0 7.58E+6 
3.2. Heuristic approach 
Optimum combination of pitch angles can also be 
obtained by searching in a heuristic manner without 
direct stability calculation. In this approach, the 
parameters are searched to minimize ȁܴܨȁ௠௔௫ , and the 
most suitable combination can be identified even when 
number of flutes are less than ʹ௛.  
ȁܴܨȁ௠௔௫ ൌ ൛หܴܨሺ௞ሻห ׷ ݇ ൌ ͳǡʹǡ ǥ ǡ ݄ൟ             (10) 
Fig. 2 shows ȁܴܨȁ௠௔௫  distribution with respect to 
pitch angles of three-tooth irregular pitch cutter. The 
color bar indicates ȁܴܨȁ௠௔௫  value. Same dynamics 
shown in Table 1 is assumed here. At 
ሼͳʹͲǡ ͳʹͲǡ ͳʹͲሽ deg, i.e., the regular pitch, ȁܴܨȁ௠௔௫ 
becomes one, while minimum ȁܴܨȁ௠௔௫ ൌ ͲǤͳʹ  can be 
obtained at ሼͳͳͷǡ ͳʹͲǡ ͳʹͷሽ deg based on the heuristic 
approach. ȁܴܨȁ௠௔௫  cannot be zero due to the fact that 
the number of flues is not enough for compete 
cancellation of regeneration effect ሺ͵ ൏ ʹଶ ൌ Ͷሻ , still 
about 90% of the regeneration can be canceled out at this 
condition.  
 
 
Fig. 2. |RF|max distribution in three-tooth irregular pitch tool 
4. Analytical verification 
Analytical investigations are conducted to verify 
proposed tool design method. The chatter stabilities in 
the milling processes with a regular pitch tool and 
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irregular pitch tools shown in Table 2 are investigated 
and compared. The same dynamics of the mechanical 
structure in Chapter 3 is assumed. The pitch angles are 
optimized at the spindle speed of 2000 min-1. The pitch 
angles of Irregular 1 and Irregular 2 are separately 
designed to suppress regenerations in mode 1 (890 Hz) 
and mode 2 (1530 Hz) from Eq. (2). On the other hand, 
Irregular 3 and Irregular 4 are designed based on the 
proposed rigorous approach and heuristic approach. And 
thus, the regenerations in both mode1 and mode 2 can be 
suppressed simultaneously. Full immersion milling 
(slotting) along y-axis is assumed. The chatter stability is 
calculated based on zero-order solution in frequency 
domain [6]. Assumed parameters are summarized in 
Table 3.  
Table 2. Tool specifications  
Cutter 
design 
Resonant 
frequency  Hz Pitch angle  deg 
Regular -- 90.0, 90.0, 90.0, 90.0 (N=4) 
Irregular 1 Mode 1 86.6, 93.4, 86.6, 93.4 (N=4) 
Irregular 2 Mode 2 88.0, 92.0, 88.0, 92.0 (N=4) 
Irregular 3 Mode 1 and 2 84.7, 88.6, 91.4, 95.3 (N=4) 
Irregular 4 Mode 1 and 2 115.0, 120.0, 125.0 (N=3) 
Table 3. Analytical conditions 
Tool 
Diameter  mm 
Number of teeth 
20 
3, 4 
Cutting 
conditions 
Feed direction 
Radial depth of cut  mm 
y 
20 (Slotting) 
Irregular 4 
Tangential  MPa 
Radial  MPa 
815 
163 
 
Calculated stability charts are compared in Fig. 3. 
The stability limit in axial depth of cut in regular tool is 
the smallest as compared to those in other tools, and the 
chatter frequency distributes in both mode 1 and mode 2. 
The chatter vibration in mode 1 can be suppressed by 
Irregular 1, while the stability does not increase 
effectively around the spindle speed of 2000 min-1 
because of mode 2. Opposite phenomena can be 
observed in Irregular 2. Consequently, Irregular 1 and 
Irregular 2 are comparatively not advantageous.  
On the other hand, the stability can increase 
significantly by using Irregular 3 and Irregular 4 due to 
simultaneous suppression of regenerations in mode 1 
and mode 2. Although the complete suppression is not 
accomplished by Irregular 4, still comparable effect as 
Irregular 3 can be attained. However, it supposed to be 
noted that the advantage of regeneration suppression 
cannot be available when mode-coupling affect the 
dynamic system. In the present investigation, the 
influence of the mode-coupling is ignored by assuming 
the one-directional dynamics in the mechanical structure.  
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Fig. 3. Calculated stability limits 
5. Conclusion 
In order to evaluate the extent of regeneration in 
cutting, the novel index named “Regeneration Factor 
(ܴܨ)” is proposed in the present study. Two different 
approaches to design pitch angles of end mill tools are 
presented by utilizing the proposed regeneration factor. 
Rigorous approach provides the pitch angles to attain 
zero ܴܨ , while suitable pitch angles can also be 
identified by heuristic approach where the parameters to 
minimize ܴܨ  are searched in a heuristic manner. The 
both approaches do not require complicated stability 
calculations, and thus they are practical. From the 
analytical investigation, it was confirmed that the chatter 
stability can be increased by utilizing proposed method 
even when there are several vibration modes whose 
natural frequencies are different.  
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